Sites of transposon Tn7 insertion in the Escherichia coli chromosome were examined, and two distinct classes of target sites differing in nucleotide sequence were identified. The target site choice was found to be determined by Tn7-encoded transposition genes.
Most transposable elements move at low frequency and insert into many different target sites (5) . The bacterial transposon Tn7 (2, 7; Fig. 1A ) is unusual in that it can transpose at high frequency to a specific site in the Escherichia coli chromosome called attTn7, located near the bacterial gImS gene (2, 10, 15, 16, 18; Fig. 1B ). Tn7 can also transpose at low frequency to many different sites in plasmids (3, 4, 19) . Tn7 insertion is accompanied by a 5-base-pair (bp) duplication of target sequences (10, 14, 16, 18, 20) . Tn7 encodes five genes, tnsABCDE, that mediate two distinct but overlapping transposition pathways (23, 26; Fig. 1A ). Previous studies have shown that tnsABC+tnsD promote transposition to attTn7, whereas tnsABC+tnsE promote transposition to other sites.
We have analyzed Tn7 insertions in the E. coli chromosome; its large size provides a wider variety of target sites than do the plasmids used in previous studies. We report here that the target site sequences used by the tnsD-dependent (tnsABC+tnsD) and tnsE-dependent (tnsABC+tnsE) pathways differ dramatically. We show that the tnsD-dependent pathway has high target site selectivity, promoting transposition to attTn7 and a limited number of other sites similar in sequence to attTn7. By contrast, the tnsE-dependent pathway displays little target site selectivity, promoting transposition to many different sites not related in sequence to the tnsD-dependent sites.
We evaluated the frequency of Tn7 transposition to the E. coli chromosome (Table 1 ) by measuring the translocation of mini-Tn7Km, a Tn7 derivative containing a kanamycin resistance marker but lacking the tns genes (1, 18; Fig. 1C ), from the replicationand integration-defective bacteriophage lambda derivative KK1 into bacteria containing the tns genes and selecting for kanamycin-resistant colonies (18) .
Strains and plasmids used are shown in Table 2 . We also physically analyzed many of these mini-Tn7Km chromosomal insertions ( Fig. 2 and Table 3 ). Genomic DNA was isolated (22) , digested with restriction enzymes, resolved by agarose gel electrophoresis, and transferred to Nytran (Schleicher & Schuell, Inc.), and filters were hybridized with a nick-translated kanamycin fragment or a nick-translated Tn7R fragment.
tnsABC+tnsD promoted relatively high-frequency transposition to the chromosome (Table 1, line 4) , and all such insertions were located in attTn7 ( Fig. 2A ). To determine whether tnsABC+tnsD could also promote transposition to sites other than attTn7, we used a slightly different target * Corresponding author. chromosome, one already containing a Tn7 derivative in attTn7. We used this blocked attTn7 chromosome because multiple Tn7 insertions in attTn7 have not been observed (1, 12, 15) . We detected tnsD-dependent transposition to the blocked attTn7 chromosome at a frequency about 104-fold lower than to vacant attTn7 (Table 1, line 4). Analysis of these tnsD-dependent insertions revealed that they occurred into a limited array of sites (Table 3) , with a marked preference for sites DC-1, DC-2, and DC-3 (DC = tnsABC+tnsD chromosomal).
Comparison of the sequences of several DC sites with A. providing trimethoprim resistance, and aadA, encoding 3" (9)-Onucleotidyltransferase providing spectinomycin and streptomycin resistance (8, 9, 25) . The five Tn7 transposition genes tnsABCDE (23, 26) insertion~lies between the phoS and glmS genes, as previously described (10, 15, 16, 18) . Tn7 insertion into attTn7 is orientation specific such that Tn7L is proximal to phoS and Tn7R is proximal to glmS (15) . (C) Mini-Tn7Km. The ends of Tn7 are shown as open boxes; the segment between them encodes a gene that confers resistance to kanamycin (1, 18 
3) x 10-7 (6) a E. coli used were derivatives of NLC51 or LA214 containing the indicated plasmids (Table 1) . b ND, Not done. each other and with attTn7 ( Fig. 3 ) revealed considerable sequence similarity among all of these tnsD-dependent target sites. This similarity was most pronounced to one side (rightward) of the Tn7 insertion points; little similarity was apparent at the actual insertion points. Strikingly, this region of similarity between the DC sites and attTn7 included a region that has been shown to be required for high-frequency, site-specific insertion into attTn7 (11, 18, 21) . Because of their similarity to attTn7, we call the DC sites pseudo-attTn7 sites. Thus, tnsABC+tnsD direct transposition to target sites of related nucleotide sequence, promoting high-frequency insertion in attTn7 and low-frequency insertion in pseudo-attTn7 sites. tnsABC+tnsE promoted low-frequency transposition to the chromosome (Table 1, line 5). Physical analysis showed that the tnsABC+tnsE pathway ignored chromosomal A attTn7 (compare Fig. 2A and B) . A more detailed analysis of tnsE-dependent insertions in a blocked attTn7 chromosome demonstrated that EC (tnsABC+tnsE chromosomal) sites were located in many different positions (Table 3) . Notably, no two tnsE-dependent insertions occurred at the same target site, nor were any tnsE-dependent insertions located in the identified pseudo-attTn7 sites.
To examine the Tn7 insertions at higher resolution, we determined the nucleotide sequences for several DC and EC sites ( Fig. 3 ). Chromosomal DNA segments containing mini-Tn7Km insertions were isolated by cloning into pUC18 with selection for kanamycin resistance (17) . The sequences flanking the insertions were determined by the chain terminator method, using Sequenase (U.S. Biochemical Corp.), after alkali denaturation (24) . Oligonucleotides specific to the left and right Tn7 ends were used as primers. Each numbered lane contains genomic DNA from a single transposition product that was physically analyzed as described in the text. Genomic DNA was digested with HindlIl and hybridized with a nick-translated kanamycin fragment. The lanes marked * are from an attTn7::mini-Tn7Km chromosome; digestion with Hindlll generates two 6.5-kilobase fragments (Fig. 1 ) not resolved here which hybridize to the kanamycin probe. Lane M contains molecular weight markers. (A) tnsABC+tnsD insertions generated in a vacant attTn7 chromosome as in Table 1 , line 4; (B) tnsABC+tnsE insertions in a vacant attTn7 chromosome generated as in Comparison of the DC sites with the EC sites (Fig. 3 ) did not reveal any striking sequence similarities between these two classes of target sites, although both resulted in a 5-bp target sequence duplication. A modest similarity among our EC sites was detectable about 15 bp leftward of the Tn7 insertion point; however, its functional significance is unclear. We note that previously characterized plasmid insertions of Tn7 (14, 16, 20) , which likely resulted from tnsABC+tnsE transposition, do not all share this sequence similarity in this region. Analysis of many more tnsEdependent insertions will be required to determine whether tnsE-dependent sites actually do share a common determinant. Nevertheless, the emergent picture is that tnsABC+ tnsE promote low-frequency transposition to many different target sites with little obvious target sequence selectivity.
When tnsD and tnsE are present individually with tns-ABC, they direct Tn7 transposition to two different classes of target sites. What target site class is used when both tnsD and tnsE are present? When attTn7 is available, transposition to this site (a tnsABC+tnsD reaction) is exclusively observed even in the presence of both tnsD and tnsE (12, 15, 23, 26) , likely reflecting the high frequency of this reaction. When attTn7 is unavailable, i.e., in a blocked attTn7 chromosome, we have observed similar frequencies of tnsD-and tnsE-dependent transposition ( Table 1 , lines 3 to 6). The distribution of insertions in a blocked attTn7 chromosome obtained in the presence of both tnsD and tnsE also suggests that both pathways are active under these conditions (Table  3) . Several insertions (D/EC sites 1 to 3) apparently lie in tnsD-dependent sites DC 1 to 3, and it is not unreasonable to suggest that the other D/EC sites represent both tnsD-and tnsE-dependent chromosomal sites. In previous studies, the observed frequency of tnsD-dependent transposition to plasmids is much less than that of tnsE-dependent transposition (23, 26) , perhaps reflecting a paucity of attTn7-like sequences in these relatively small DNA molecules.
We have shown that Tn7 can transpose to two distinct classes of target sites. tnsABC+tnsD transposition utilizes target sites of related sequence, directing insertion into attTn7 and pseudo-attTn7 sites. By contrast, tnsABC+tnsE transposition utilizes many different target sites not markedly related to each other or to the tnsD-dependent target b Independent insertions are classified as in the same target site if they share similar restriction fragment sizes; size ranges are from determinations repeated on separate blots. Insertions producing restriction fragments of related size were examined on the same blot, and additional restriction fragments were analyzed to confirm target site classes (data not shown). DC, tnsABC+ tnsD chromosomal; EC, tnsABC+tnsE chromosomal; D/EC, tnsABCDE chromosomal. cLengths of mini-Tn7Km-containing restriction fragments, as detected by using a nick-translated kanamycin fragment or a nick-translated Tn7R frag- TG AG AAA TGAG T TGAAAG AACA TA ACAAAC AAT[TGG TT|G AGCACAC AGCA AGCTGGGG TAGCGACAOC TAC TATTTCOCCA TATT TCAGOAATCAGGG   GTGCGCGCCTCTTCGC TA TTACGCCAGC TGC   A   jCTCACOGGTAGG TAACGTAATACCGCGGOCGGOTAAACGTGOCGCCAACGTGGGCCGQTTGGGGG   GTGCCCCCCATATCTGGCCGGAACAAG'TGGA GGTCA GCAGTTGGCGAGCATTGAAGAATAGGTAACGCTATTCOCAGCTTGCGCTGCTAACATTTTGGC  TGCACTCTACCGCCATCAACOCCGTATCCGGC|TT W   AAC TGAAGGGCAGAGCGTTTCG TTACCACTGTTACAGTATTCOCAA TOACGGCATCCTTCGT   -30  - (10, 16, 18) . The upper panel also shows the sequence of attTn7; the central base pair of the duplicated sequence is designated 0; sequences leftward (towards phoS) are given negative values, and sequences rightward (towards g1mS) are given positive values (see reference 18); the COOH terminus of the glmS gene product is also indicated (10) . The bar underlines the region containing the nucleotides required for attTn7 target activity (11, 18, 21) . Among the tnsD-dependent (DC) sites, sequence identities with attTn7 are indicated in boldface, and positions with three sequence identities among attTn7 and the pseudo-attTn7 sites are indicated with an asterisk. The sequence of two independent DC-1 insertions was determined; a difference of 1 bp in the positions of the duplicated nucleotides was observed (other duplication = GGTTG). A small degree of wobble has also been observed upon insertion in attTn7 (18) . The lower panel shows the sequences of tnsE-dependent (EC) sites. Positions of sequence identity among at least three of the EC sites are indicated by boldface type and *. The chromosomal locations of the DC and EC sites are not known, although sequence comparisons suggest that the DC-3 insertion may lie within the bacterial aceK gene (6, 13) . Nucleotide sequences of the DC and EC sites have been deposited in the GenBank data base (accession no. M31529 to M31536). of this view, a tnsD-dependent binding activity that specifically recognizes attTn7 has been identified (27) ; the TnsD polypeptide copurifies with this attTn7-binding activity (K. M. Kubo and N. L. Craig, unpublished observations). Moreover, the tnsD-dependent recognition region in attTn7 (between attTn7 +28 to +55) corresponds to the region of sequence similarity among the tnsD target sites, i.e., attTn7 and the pseudo-attTn7 sites.
Is the ability of Tn7 to use two distinct classes of target sites advantageous? Target site-specific insertion into attTn7 provides a union between the host and Tn7 in which no bacterial gene is inactivated, although sequences in a bacterial gene (glmS) are required for Tn7 insertion (10) . The ability of Tn7 to transpose with little site selectivity is perhaps most useful in its transfer to and among plasmids.
